Introduction
The large pine weevil, Hylobius abietis Linnaeus (Coleoptera: Curculionidae), is one of the major forestry pests across Northern Europe (Leather et al., 1999) . It has been estimated that failure to control this pest could result in damages of up to €140 million per annum (Långström and Day, 2004 ). The pest status of H. abietis is associated with replanting on recently felled clearfell sites where the larvae develop under the bark of coniferous tree stumps. The adults feed on the bark of planted conifer seedlings and can cause high mortality of seedlings if these are not protected (Leather et al., 1999) . In an effort to reduce the use of chemical pesticides, entomopathogenic nematodes are currently being used as inundative biological control agents against the large pine weevil in the UK and Ireland (Evans et al., 2004; Anon, 2007) and trials have been conducted in Poland (Skrzecz and Majewski, 2010) . Entomopathogenic nematodes (EPN; Nematoda: Rhabditidae) are pathogens that invade, kill and then reproduce within insects (Kaya and Gaugler, 1993) . The free-living stage of EPN is the infective juvenile (IJ) that kills the host by releasing pathogenic bacteria with which it is mutually associated (Forst et al., 1997; Dowds and Peters, 2002) . Due to their potentially wide host range, ease of production and safety to vertebrates, EPN have become popular inundative biocontrol agents that have been used successfully against insect pests in a variety of settings Georgis et al., 2006; Shapiro-Ilan et al., 2006) .
To kill immature stages of the large pine weevil, 3.5 million IJs are applied in a water suspension around coniferous tree stumps (Brixey et al., 2006; Dillon et al., 2006 Dillon et al., , 2007 , which constitute the pest microhabitat (Leather et al., 1999) . For weevil suppression on an operational level (i.e. site-wide treatment of stumps), nematodes are applied by pressure hose from a forwarder-mounted mixer tank. When inundatively applying nematodes on this scale, it is inevitable that some nematode suspension will land outside the target area (the tree stump), either as the suspension drips from the base of the pressure hose, or when operators aim at stumps from a distance e.g. when stumps are partially covered by brash and thus not readily accessible (A. Dillon, personal communication) . Steinernema carpocapsae (Weiser) (Nematoda: Steinernematidae), which is commercially produced and exotic to Ireland (Hominick, 2002) , is the main EPN species currently in use against H. abietis, though Heterorhabditis downesi Stock, Burnell and Griffin (Nematoda: Heterorhabditidae), a native Irish species (Griffin et al., 1991) , has been evaluated for use against H. abietis in pilot trials (Dillon et al., 2006 (Dillon et al., , 2007 Skrzecz and Majewski, 2010) . While EPN present a promising alternative to chemical control methods and may play an important role in achieving sustainable forest management, their ability to infect and reproduce in a wide range of insects also presents a risk to non-target insects in the targeted habitat (Bathon, 1996; van Lenteren et al., 2003) .
Saproxylic beetles (beetles that depend on dead or decaying wood for at least a part of their life cycle) often represent a major component of forest invertebrate communities (Speight, 1989; Siitonen, 2001; Grove, 2002; Sverdrup-Thygeson and Ims, 2002) . Since standing or fallen deadwood on clearfell sites frequently contains the developing larval stages of saproxylic beetles, these insects constitute a group of potential non-target insects when controlling the pine weevil with EPN. Even small pieces (1-15 cm diameter) of woody debris left behind on clearfell sites can harbor a great number and diversity of saproxylic beetles, including endangered species (Jonsell et al., 2007) . With more than 25,000 species described worldwide, the cerambycids (Coleoptera: Cerambycidae), or longhorn beetles, represent one of the largest and most important groups of saproxylic beetles (Duffy, 1953; Bílý and Mehl, 1989; Twinn and Harding, 1999) . Rhagium bifasciatum Fabricius is a common cerambycid species in Ireland (Anderson et al., 1997) . It is also widely distributed across Europe and is considered an endangered species in some localities (Becker, 1950; Steiner, 1999; Tozlu et al., 2010; Kuś and Kuś, 2004) . The larvae take two to three years to develop (five to six larval instars are reported) and are usually found in moist pine logs and stumps in advanced stages of decomposition, though the species is highly polyphagous (Duffy, 1953; Twinn and Harding, 1999) . Development and eclosion seem to be poorly synchronized and adults that eclose late in the summer (late August and September) often spend the winter in the pupation chamber to emerge in the spring of the following year (Duffy, 1953; C. Harvey, personal observation) .
In addition to their direct benefits as primary bio-degraders, saproxylic beetles are host to a wide range of parasitoid wasps, for example the generalist Dolichomitus tuberculatus Geoffroy that also parasitizes H. abietis larvae (Kenis et al., 2004; Hilszczanski et al., 2005; Hedgren, 2007) . Saproxylic beetles also help sustain predatory beetles on clearfell sites (Johansson et al., 2007) . Birds and other vertebrate predators that are attracted to clearfell sites by saproxylic beetles may target the adult stages of H. abietis (Kenis et al., 2004) . In general, the greater the biodiversity and abundance of beneficial saproxylic beetles, the easier it becomes to maintain low-impact, sustainable forestry (Grove, 2002) .
Extensive infection of saproxylic non-targets by EPN may not only reduce overall biodiversity and adversely affect wood decomposition on clearfell sites, it may also facilitate unwanted spread of EPN after application. Phoretic dispersal of nematodes can occur if they are carried on or within adult beetles (Downes and Griffin, 1996; Kruitbos et al., 2009 ). The nematodes may also recycle within non-target hosts, thereby increasing the likelihood of long-term establishment of EPN on treated sites. Steinernema feltiae Filipjev (Nematoda: Steinernematidae) is the only EPN that has been isolated from soil in mature and clearfelled Irish forests, though detection on clearfell sites is rare and populations are patchy in their distribution within sites (Griffin et al., 1991; Dillon, 2003; Dillon et al., 2008) . Non-target infection and dispersal and persistence (e.g. via recycling) of inundatively applied biocontrol agents are key factors when estimating their risk and should be investigated closely when considering EPN as a potential alternative to conventional control methods (Gaugler, 1988; Bathon, 1996; Smits, 1996; van Lenteren et al., 2003) .
The use of S. carpocapsae and H. downesi against the pine weevil shows promise (Brixey et al., 2006; Dillon et al., 2006 ) and the associated risks should therefore be evaluated. Emergence traps erected over EPN-treated and untreated stumps showed that EPN had no effect on numbers, diversity or community structure of beetles directly associated with the stumps, including the saproxylic cerambycid Asemum striatum Linnaeus (Dillon et al., 2012, under review) . However, although EPN application is targeted at tree stumps, spread or inaccurate application of EPN may lead to infection of saproxylic insects in deadwood that remains on clearfell sites after felling. As one of the most abundant and conspicuous saproxylic beetles within deadwood on Irish clearfell sites (C. Harvey, personal observation), we selected R. bifasciatum as a representative saproxylic insect that is also a service-provider and evaluated the risk EPN present to this non-target. To this end, we examined the effects of EPN on R. bifasciatum at different levels, investigating (a) how susceptible R. bifasciatum is to IJs of S. carpocapsae and H. downesi in a laboratory Petri-dish assay; (b) whether EPN inundatively applied to deadwood in the laboratory and in the field infect R. bifasciatum within the wood (c) whether S. carpocapsae and H. downesi reproduce in R. bifasciatum; and (d) if R. bifasciatum are infected on clearfell sites where S. carpocapsae IJs have been applied to tree stumps for pine weevil suppression on an operational level.
Material and methods

Storage and culturing of insects and nematodes
Waxmoth larvae, Galleria mellonella Linnaeus, used for sample baiting and nematode culturing were supplied by The Mealworm Company (Sheffield, UK) and were stored at 15°C. S. carpocapsae (strain US-S-25) and H. downesi (strain K122) were cultured in final instar G. mellonella larvae (Kaya and Stock, 1997) . IJs were collected from White traps in the first week of emergence and washed three times by allowing them to settle in tap water. IJs were two to four weeks old when used in experiments. Nematodes were stored at 9°C at 1000 IJs/ml except those used for application to logs in laboratory and field experiments, which were stored at 9°C in 2 l flasks (2000 IJs/ml), continuously aerated and agitated by an aquarium air pump.
R. bifasciatum larvae, pupae and adults were collected from coniferous clearfell sites (lodgepole pine, Pinus contorta Douglas and Sitka spruce, Picea sitchensis Bongard) and were stored for up to three months at 9°C in 24-well plates lined with moist tissue paper. At least two weeks before being used in experiments, larvae were transferred to a 5 cm diameter Petri dish filled with comminuted decomposing wood taken from logs (pine or spruce) containing R. bifasciatum and collected on clearfell sites not treated with EPN. Dishes were wrapped in Parafilm Ò (Pechiney Plastic Packaging; Menasha, USA) and kept at 20°C. Wood was replaced once a month. Pupae and adults were also obtained by allowing larvae to pupate or eclose in Petri dishes.
Pathogenicity assessment of EPN for R. bifasciatum (Petri dish assay)
To assess the pathogenicity of S. carpocapsae and H. downesi to R. bifasciatum, IJs of either species were applied in 1 ml of tap water to a 5 cm diameter Petri dish containing 5 g comminuted decomposing conifer wood (source same as in 2.1). A single R. bifasciatum larva (mid to late instar), pupa or adult was then placed in each dish. Two experiments with 10 larvae per treatment were conducted for mid to late instar larvae, with IJ concentrations of 0 (control), 50, 100, 200, and 800 in experiment 1 and 5, 10, 50, 100 and 1000 in experiment 2. Single experiments for pupae and adults were carried out using concentrations of 5, 10, 50, 100, 1000, 5000 and 10,000 IJs for pupae and 10, 100, 1000 and 10,000 IJs for adults. Due to the limited availability of insects, especially adults and pupae, and the fact that R. bifasciatum are longlived and experience minimal natural mortality at 20°C in the laboratory (C. Harvey, personal observation), controls were only included in larval experiment 1. EPN presence in all dead insects was confirmed by dissection. Dishes were wrapped in Parafilm and incubated at 20°for 14 days. Insects were checked daily for mortality.
2.3. Treatment of decomposing logs with EPN to assess potential for EPN to infect R. bifasciatum within logs 2.3.1. Laboratory treatment of decomposing logs with EPN and assessment of R. bifasciatum infection within logs
To test whether S. carpocapsae and/or H. downesi infect R. bifasciatum in their natural deadwood habitat, IJs were applied to decomposing logs (pine, spruce) in the laboratory at two concentrations. The high concentration was intended to simulate a 'worst case scenario' in which 1.8 million IJs, approximately half the number (3.5 million IJs) recommended per tree stump for pine weevil control (Brixey et al., 2006; Dillon et al., 2006) , were applied to each log. The low concentration treatment (18,000 IJs) simulated a more realistic scenario in which a piece of deadwood is hit by a small volume of nematode suspension, for example as the result of leakage from a spray nozzle or inaccurate aiming at a stump.
Three experiments were carried out in the laboratory. For each experiment, logs of 50 cm length were cut from deadwood (pine, spruce) that was collected on clearfell sites up to one month prior to experiments and stored in plastic bags at 4°C. Only logs of a diameter between 5 and 25 cm that were judged likely to contain R. bifasciatum were used. Such logs were typically in advanced stages of decomposition and consisted mainly of soft, spongy wood of moderate to high moisture content (occupying P25% of log diameter), usually with a less decomposed and hard inner core.
In laboratory experiment 1, each treatment (control, high and low concentration of S. carpocapsae) included 15 logs. Each log was placed horizontally in a plastic container with a lid (measurements 60 Â 39 cm, 27 cm high) on a layer of moist peat moss (Westland Horticulture, Huntingdon, UK) approximately 3-4 cm deep. Approximately 30% of the log surface was in contact with the peat moss. Nematodes were applied suspended in 250 ml of tap water (approximately 7000 IJs per ml for high concentration, 70 IJs per ml for low concentration). Half of the suspension was applied along the upper surface of the log and a quarter each was applied to the peat moss along either side of the log. Control logs were treated with 250 ml of tap water only. Containers were incubated in climate rooms at 20°C in the dark for 14 days, after which time logs were sampled. Since no insect mortality occurred in the control of laboratory experiment 1 and infection of insects was confirmed by dissection, no controls were included in subsequent experiments.
Dead R. bifasciatum (larvae, pupae or adults) were scored for infection by cadaver coloration (cream or brown for S. carpocapsae and orange, red or green for H. downesi) and infection was confirmed by dissection. Live insects were incubated in 24 well plates for an additional week at 20°C to record delayed mortality and infection. The distance between each larva and the log surface was measured, representing their depth in the wood.
Laboratory experiment 2 was of the same design as experiment 1, but the EPN species used was H. downesi. In Laboratory experiment 3, seven logs each were included in two treatments that received a low concentration (18,000 IJs) of either H. downesi or S. carpocapsae.
Field treatment of decomposing logs with EPN and assessment of R. bifasciatum infection within logs
Two experiments similar to laboratory experiments were carried out on coniferous clearfell sites to gauge the susceptibility of R. bifasciatum to EPN under natural conditions. Field experiment 1 was conducted in late August 2008 at Featherbed (53°14'N 006°19'W, elevation: 361 m), two months after the site had been treated with nematodes (Table 4) . Sampling of deadwood logs on this site one month after nematode application indicated no infection of R. bifasciatum with EPN (Table 4 ), either applied (S. carpocapsae) or naturally occurring (S. feltiae). Due to this result and because only logs found at least 1 m distant from the closest treated tree stump were selected for this experiment, background infection was deemed to have no influence on experimental results. Logs (pine or spruce) distributed across the site that were judged to contain R. bifasciatum (see above for selection criteria) were cut to 50 cm length. Logs were left in situ and randomly assigned to treatments (10 logs each) receiving either 1.8 million or 18,000 S. carpocapsae IJs. Approximately 30% of the surface of each log was in contact with the soil. Logs were collected from the field 14 days after EPN application and stored at 4°C until destructively sampled over the next three days. The same number of logs from each treatment was sampled each day. Other methods were the same as in laboratory experiments (2.3.1).
Field experiment 2 was carried out in early September 2009 at Kildalkey (53°34'N, 6°56'W; elevation 71 m), a site not treated with EPN. Logs sourced from this and other coniferous clearfell sites (lodgepole pine or Sitka spruce logs, 50 cm long) were randomly assigned to one of four treatments. Logs from these sites had been previously sampled to collect R. bifasciatum (C. Harvey, unpublished data) and no insects infected with EPN were found, indicating that there was no background infection prior to experiments. S. carpocapsae or H. downesi IJs were applied in a high concentration (1.8 million IJs) to 10 logs each and in a low concentration (18,000 IJs) to eight logs each. Logs were arranged in a randomized block design within a 10 Â 100 m area, with each block containing one log from each treatment (two blocks with high concentration only). Logs within a block were at least 1 m apart and at least 1 m from the nearest tree stump. Blocks were at least 3 m apart. Other procedures were as described for field experiment 1. On the day of application, weather conditions were cloudy and dry for both experiments and air temperature was 17.5°C at Featherbed (experiment 1) and 16°C at Kildalkey (experiment 2).
EPN reproduction in R. bifasciatum
Reproduction of S. carpocapsae and H. downesi was evaluated in mid to late instar R. bifasciatum larvae, the most abundant R. bifasciatum life stage in decomposing logs, and was compared with that in final instar G. mellonella larvae, a standard laboratory host used for EPN culturing. Individual weighed larvae of the two species were exposed to 500 IJs of S. carpocapsae or H. downesi applied in 500 ll of tap water in Petri dishes as described for the pathogenicity assay (see above; N = 20 per larva/EPN combination). Insects were checked for mortality every second day and dead insects were incubated for an additional 10 days in a 24-well plate before being placed on an individual White trap.
Reproduction in adults and pupae was assessed using individuals killed by EPN of either species in the 100 IJ concentration of the pathogenicity assay (see above). Insects were transferred to a multiwell plate on the day that they died and were incubated at 20°C for five days before being transferred to an individual White trap. For each White trap, IJs were removed and counted weekly for eight weeks beginning one week after the first day of emergence.
2.5. Assessment of R. bifasciatum infection in deadwood on clearfell sites following stump treatment with S. carpocapsae on an operational level to control pine weevil Deadwood was collected from six coniferous clearfell sites (pine and spruce) that had been treated with S. carpocapsae from a forwarder on an operational level (3.5 million IJs per stump, applied with pressure hose) between one month and one year earlier (Table 4) . Criteria for selection of logs were as described for laboratory and field experiments. The shortest distance from a log to the closest stump treated with EPN was measured. Collected logs were stored at 4°C and destructively sampled in the laboratory over the following week. The only exception was the site at Deerpark, where logs were sampled on-site. Methods for destructive sampling of logs and assessment of R. bifasciatum infection were the same as above (Section 2.3.1).
To determine whether infection of R. bifasciatum in logs on clearfell sites treated with EPN on an operational level was linked to the presence of IJs in the wood or the soil underneath logs, samples of both were baited with G. mellonella in the laboratory. Samples of 750 g comminuted wood were taken from each log (except for five of the logs sampled at Deerpark). Each sample was placed in a plastic bag, baited with 10 G. mellonella larvae and incubated at 20°C for five days, after which time insects were removed and infection was recorded. Surviving insects were incubated for two days to record delayed mortality. For five of the sampled sites, soil was taken from directly under each sampled log, each soil sample consisting of 10 pooled subsamples for a total of approximately 100 g of soil per log. Soil samples were stored in individual plastic bags at 4°C for one week and then transferred into a 100 ml plastic tub (8.5 cm diameter; Econo by Huhtamaki) with a perforated lid in which they were baited with 10 G. mellonella larvae. After seven days at 20°C the insects were removed and EPN infection was recorded. Surviving insects were incubated for two days at 20°C to record delayed EPN infection. The baiting was repeated once (i.e. each sample was baited with 20 G. mellonella in total).
Statistics
Statistical analysis was carried out using MiniTab Release 15 (MiniTab Solutions; Coventry, UK). The concentration of nematodes infecting 50% of insects (LC 50 ) and the time to 50% mortality of infected insects in a treatment (LT 50 ) were calculated using Probit analysis. Only insects that died were included in LT 50 calculation. Data on R. bifasciatum infection in laboratory and field experiments are expressed as the percentage of insects that were infected with EPN in that treatment. Pairwise comparison of binomial data in 2 Â 2 contingency tables between treatments was carried out using Pearson's v 2 -test or, when the expected count for at least one cell was <5, Fisher's exact test. Binomial response variables (whether or not a larva was infected with EPN, whether or not a log sampled at Deerpark or Kilworth contained infected R. bifasciatum) was regressed against a continuous explanatory variable (respectively: depth in wood of larva or the distance a log was found from the nearest tree stump treated with EPN) via a logistic regression model with a Logit or Normit link function (validity confirmed by Pearson's Goodness-of-Fit test, a = 0.05). Pearson residuals of the model were tested for normality using the Anderson-Darling method (a = 0.05).
Numbers of IJs emerging per mg of insect wet weight were normally distributed (Anderson-Darling test, a = 0.05), but did not have equal variance (Levene's test, a = 0.05). They were therefore compared using Student's two sample t-test (a = 0.05), which is robust against inequal variance when sample size is identical among data sets (Markowski and Markowski, 1990) . Linear trends for EPN emergence in the reproduction experiment were compared by running a General Linear Model (GLM) on the logarithm of the number of IJs emerging each week, in which the week of emergence and the cadaver type (e.g. R. bifasciatum larvae) were used as interacting predictors. If the null hypothesis for the interaction is rejected, then slopes of the linear trends are not equal (Neter et al., 1996) .
Results
Pathogenicity assessment of EPN for R. bifasciatum (Petri dish assay)
The S. carpocapsae LC 50 for R. bifasciatum larvae was 29 IJs in experiment 1 and 36 IJs in experiment 2, values similar to those obtained for H. downesi (24 IJs and 42 IJs, respectively) ( Table 1) . There was no significant difference in the LC 50 between EPN species (95% CI overlap, Table 1 ). Mortality of pupae was P6 out of 10 individuals at the lowest EPN concentration used (5 IJs) and the LC 50 was estimated as 1 IJ for both S. carpocapsae and H. downesi (Table 1) . Similarly, at least half of R. bifasciatum adults were killed by EPN at the lowest IJ concentration (10 IJs) and all adults died at a concentration of 100 IJs and above. The LC 50 for this life stage was therefore estimated to be <10 IJs (Table 1) .
At a concentration of 100 IJs, the LT 50 for larvae exposed to H. downesi was approximately two days longer than for S. carpocapsae in both experiments (experiment 1: 5.7 days vs. 3.6 days; experiment 2: 7.2 days vs. 4.8 days), a difference that was significant in both cases (no 95% CI overlap, Table 1 ). The LT 50 for larvae at 1000 IJs was similar for the two EPN species (Table 1) . The LT 50 for pupae was similar to that for larvae, except for H. downesi at 1000 IJs, where larvae died significantly quicker than pupae (no 95% CI overlap, Table 1 ). Adults were the quickest to die when exposed to 100 IJs, with an LT 50 of no more than 3.5 days, significantly shorter than for larvae and pupae (no 95% CI overlap, Table 1 ). All adults exposed to 1000 IJs of S. carpocapsae or H. downesi died within three days, and the LT 50 was estimated to be <3 days in each case (Table 1) , again lower than for either larvae or pupae.
3.2. Treatment of decomposing logs with EPN to assess potential for EPN to infect R. bifasciatum within logs Two weeks after EPN application, infected R. bifasciatum were found within logs in both laboratory and field experiments. Infection at both high (1.8 million) and low (18,000) IJ concentrations generally was higher in laboratory experiments than in field experiments (Table 2) . At a high IJ concentration, 90% of insects were infected in the laboratory, compared with 67-71% in the field. In low concentration treatments, infection was 19-62 % in the laboratory and below 12% in the field (Table 2) .
Pairwise comparison of the infection of R. bifasciatum larvae between treatments within experiments showed that EPN species had no significant effect on infection (v 2 -test or Fisher's exact test, P > 0.05), but that the concentration of EPN did (v 2 -test, P < 0.001; Table 2 and Appendix A.1). Cross-comparison of larval infection between corresponding treatments in field and laboratory experiments (i.e. same EPN species and concentration) revealed a significant effect of experimental setting in eight out of nine pairwise comparisons (v 2 -test, P < 0.05; S. carpocapsae low concentration in laboratory experiment 1 vs. field experiment 2: P > 0.05; Table 2 and Appendix A.2).
Effect of developmental stage on susceptibility of R. bifasciatum
Presence and abundance of R. bifasciatum adults, pupae and larvae in logs was highly variable between experimental treatments (Table 2) . Thus, to test for an overall difference in nematode infection among life stages for each EPN species (S. carpocapsae or H. downesi), data were combined across all treatments (laboratory and field experiments) in which all three R. bifasciatum life stages were represented (Table 2) . Larval infection was lower than pupal infection and similar to adult infection for S. carpocapsae (larvae: 106 infected, 303 total [35%]; pupae: 25/43 [58%]; adults: 14/37 [38%]) and life stage had a significant effect on infection (v 2 2 = 8.583, P = 0.014). For H. downesi, larvae were less frequently infected than pupae or adults (larvae: 160/234, 68%; pupae: 11/13, 85%; adults: 50/58, 86%), with life stage again having a significant effect on infection (v 2 2 = 8.411, P = 0.015). Similar trends were observed when data were combined in the same way for each experimental setting separately (laboratory or field) ( Table 2) .
Infection of R. bifasciatum larvae in relation to their depth in wood
Infected R. bifasciatum larvae were found at depths of up to 5.1 cm in the wood of logs (Fig 1) . When infection of larvae (yes or no) was regressed against their depth in the wood in a logistic model, there was a significant trend for EPN infection to decrease with increasing depth in wood for S. carpocapsae (slope: À0.15, Z = À2.17, P = 0.030; N = 645), but not for H. downesi (slope: À0.05, Z = À0.42, P = 0.674; N = 291) (data from laboratory and field experiments combined for each EPN species ; Fig 1) .
EPN reproduction in R. bifasciatum
Both of the investigated EPN species reproduced in R. bifasciatum larvae, pupae and adults infected in the laboratory. More than 120,000 IJs emerged per larva infected with S. carpocapsae and approximately half that number (69,000 IJs) emerged from larvae infected with H. downesi over eight weeks (Table 3) . On average, 117,200 (SE ± 17,600) H. downesi IJs emerged per adult and 115,600 (SE ± 20,900) H. downesi IJs emerged per pupa infected in the pathogenicity assay (N = 9 for each). The number of S. carpocapsae IJs emerging was lower for these two life stages, with approximately 63,200 (SE ± 14,700) IJs per adult (N = 10) and 23,900 (SE ± 19,000) IJs per pupa (N = 8).
For both EPN species, the number of IJs that emerged per mg of insect wet weight was significantly lower for R. bifasciatum larvae than it was for G. mellonella larvae (t-test; S. carpocapsae: T 38 = À3.90, P < 0.001; H. downesi: T 38 = 6.48, P < 0.001) ( Table 3 ). The number of S. carpocapsae IJs emerging from R. bifasciatum larvae per mg of wet weight was higher than for larvae infected with H. downesi, but the difference was not significant (t-test; T 38 = À1.20, P = 0.120) ( Table 3 ). The slopes of the linear trends for the number of H. downesi and S. carpocapsae IJs emerging weekly from R. bifasciatum larvae differed significantly (GLM; F 1 = 7.37, P = 0.007) and Fig 2 indicates that emergence of H. downesi decreased more rapidly than that of S. carpocapsae. Slopes of the linear trends for R. bifasciatum and G. mellonella larvae differed significantly for both EPN species (GLM, S. carpocapsae: F 1 = 28.52, P < 0.001; H. downesi: F 1 = 14.66, P < 0.001; Fig 2) and in both cases, emergence from G. mellonella decreased more rapidly than emergence from R. bifasciatum (Fig 2) .
3.4. Assessment of R. bifasciatum infection in deadwood on clearfell sites following stump treatment with S. carpocapsae on an operational level to control pine weevil Overall, of the 113 logs that were sampled across the six clearfell sites, 8.8% contained R. bifasciatum infected with S. carpocapsae and of the total 1989 R. bifasciatum individuals (1683 larvae, 289 pupae, 17 adults) that were found, 3.9% were infected (Table 4) . We did not detect R. bifasciatum infected with S. carpocapsae at 3 of the 6 sites sampled (Lackenrea, Ballymacshaneboy, Raheenkyle), but infected larvae were found at the remaining three sites (Kilworth, Featherbed, Deerpark) (Table 4) .
At Featherbed, no infection was recorded 1 month after nematode application, but a single infected larva was found on a second sampling 12 months after nematode application (Table 4) . At Kilworth, sampled one month after EPN application, 7.4% of R. bifasciatum individuals within logs were infected and at Deerpark, sampled one year after EPN application, infection was 10.3%. Some infection was recorded in approximately a third of the sampled logs on each of these two sites (Table 4 ) and the percentage of infected R. bifasciatum individuals within an individual log ranged from 1.8% (Kilworth) to 54.5% (Deerpark) (Fig 3) .
All but one of the logs from Kilworth and Deerpark in which R. bifasciatum were infected had been found within 60 cm of the nearest treated tree stump (Fig 3) . The likelihood of a log containing infected R. bifasciatum decreased significantly with increasing distance from treated tree stumps (presence or absence of infection in log regressed against logarithm of distance from stump; slope = À1.78, Z = 2.20, P = 0.028) (Fig 3) . The same was true when only those logs within 1 m of a tree stump were included in analysis (no transformation of data, slope = À0.05, Z = 2.62, P = 0.009).
EPN were detected in bulk wood samples from 5 of 12 logs (42%) at Kilworth and 4 of 16 logs (25%) at Deerpark by baiting samples with G. mellonella larvae (Table 4) , but not all of these logs also contained infected R. bifasciatum (Table 4) . EPN were detected in soil samples from under three of the logs sampled at Kilworth, all of which also contained infected R. bifasciatum (Table 4) . Two soil samples collected at Deerpark were positive for EPN, one of which was from below a log containing infected R. bifasciatum. Nematodes were detected in soil samples from two additional sites (Featherbed and Raheenkyle; Table 4) without R. bifasciatum infection.
Discussion
All of the R. bifasciatum life stages that were tested -mid to late instar larvae, pupae and adults -were susceptible to infection with S. carpocapsae and H. downesi. Larvae were the least susceptible, with LC 50 (24-42 IJs) and LT 50 (4-7 days) similar to what has been reported for larvae of other xylophagous beetles, including the target pest H. abietis Burman, 1977, 1978; Lindegren et al., 1981; Solter et al., 2001; Fallon et al., 2004) . R. bifasciatum adults were especially vulnerable to EPN infection (LC 50 < 10 IJs, LT 50 6 3 days at 1000 IJs), considerably more so than adults of H. abietis, which had an LT 50 of over 4 days at concentrations of up to 4000 IJs for both S. carpocapsae and H. downesi and showed only 57% mortality after 10 days exposure to 4000 H. downesi IJs (Girling et al., 2010) . In our laboratory and field experiments, larvae inside deadwood logs were less frequently infected with H. downesi and S. carpocapsae than pupae and (for H. downesi) also adults, reflecting a trend similar to that observed in the Petri dish assay.
The high susceptibility of all stages of R. bifasciatum to EPN demonstrated in the pathogenicity assay suggests that even small amounts of the highly concentrated IJ suspension (3.6 million IJs per stump, approximately 7000 IJs per ml; Dillon et al., 2006) that is used to treat tree stumps against H. abietis on an operational level contain enough IJs to potentially kill a large number of R. bifasciatum. It therefore was not surprising that, after treatment of decomposing logs with half that number of IJs (1.8 million IJs, approximately 7000 IJs per ml) under laboratory incubation at the same temperature and for the same duration as the pathogenicity assay, both S. carpocapsae and H. downesi infected R. bifasciatum larvae, pupae and adults inside the logs. However, even in this 'worst-case scenario' not all R. bifasciatum were infected and in logs treated with one hundredth the number of the IJs (18,000 or 70 per ml) in the laboratory, simulating accidental spillage of nematode suspension, infection was below 40% in three out of four experimental treatments. Moreover, infection of R. bifasciatum in field experiments was significantly reduced when compared with the laboratory, with little (<11%) or no infection found in 18,000 IJ treatments. This was probably due to low temperatures and other abiotic or biotic stressors that adversely affected IJ survival, movement and infectivity in the field (Shamseldean and AbdElgawad, 1995; Saunders and Webster, 1999; Lewis et al., 2006) . Thus, the risk to R. bifasciatum in the field is expected to be low in a scenario in which deadwood logs or woody debris are only occasionally hit by small amounts of IJ suspension when treating clearfell sites with EPN.
Yet, even if initial infection of R. bifasciatum is low, reproduction and subsequent establishment and spread of inundatively applied EPN may pose a long-term risk to this and other deadwood-associated insects (Bathon, 1996; van Lenteren et al., 2003) . While Table 1 LC 50 and LT 50 (with 95% confidence intervals) of S. carpocapsae and H. downesi for R. bifasciatum larvae, pupae and adults in Petri dish bioassays. Estimates marked with an asterisk were significant (slope and intercept of fit P < 0.05). LC 50 and LT 50 (1000 IJs) for adults are imprecise, since mortality in these cases was >50% at the lowest EPN concentrations and 100% within three days of exposure. 
Pupae 1 (0-6) 6.6 ⁄ (5.4-7.7) 5.6 ⁄ (4.5-6.5) Adults <10 3.2 ⁄ (2.8-3.6) <3 Table 2 Percentage of R. bifasciatum infected by S. carpocapsae or H. downesi within logs in each of the experiments conducted in the laboratory (Lab) and the field (Field). Totals for laboratory and field experiments given in bottom rows for each nematode species (all treatments except control). Only logs containing R. bifasciatum (N) included. S. carpocapsae and H. downesi reproduced in R. bifasciatum larvae less efficiently than in larvae of culturing host G. mellonella, the two EPN species produced between 24,000 and 120,000 IJs on average per infected R. bifasciatum larva, pupa or adult. These numbers fall well within the range reported in the literature for other xylophagous beetles, for example the Asian longhorn beetle Anoplophora glabripennis Motchulsky (Solter et al., 2001; Fallon et al., 2004) and also the targeted pest insect H. abietis (Dillon, 2003) . The ability of S. carpocapsae and H. downesi to reproduce in R. bifasciatum indicates that even a low number of initially infected individuals could result in extensive secondary infestation of the surrounding wood with thousands of IJs. However, since EPN were detected in the wood of three logs at Deerpark and Kilworth that contained no infected R. bifasciatum, it appears that EPN presence in the wood does not necessarily lead to infection of insects within that log. Interestingly, emergence of S. carpocapsae from R. bifasciatum hosts was protracted, with thousands of IJs emerging even in the eighth week of emergence, whereas emergence from cadavers infected with H. downesi effectively ceased within four weeks. The reason for this difference is unknown, though it highlights that reproduction patterns in non-target hosts and therefore also the potential for persistence may differ substantially between EPN species used for biological control. Protracted emergence of S. carpocapsae IJs may prolong persistence of S. carpocapsae within deadwood as the wood is inoculated with freshly emerged IJs for several weeks after a R. bifasciatum larva has been infected. Additionally, IJs that do not immediately emerge and remain in the host cadaver are protected from abiotic stressors such as cold or desiccation, which may allow them to survive adverse conditions, including winter (Brown and Gaugler, 1997) . However, recycling of nematodes within logs may be adversely affected by competition with viral, bacterial or fungal pathogens or other nematodes within the host cadaver (Kaya and Koppenhöfer, 1996; Duncan et al., 2003) and simple Petri-dish assessments of recycling may therefore greatly overestimate what occurs in nature.
Since adult R. bifasciatum are active flyers (C. Harvey, personal observation) and EPN reproduced within this life stage, they may act as vehicles for phoretic dispersal and spread of EPN when infected (Downes and Griffin, 1996) . However, given that EPN are usually applied on clearfell sites in late spring to mid-summer (Brixey et al., 2006; Dillon et al., 2006) , after most R. bifasciatum adults that overwintered within logs have already emerged from deadwood (Duffy, 1953) , the risk of phoretic dispersal of EPN by infected adults is expected to be low. We found no R. bifasciatum infected with naturally occurring S. feltiae in the deadwood sampled for the present study, indicating that this insect is not instrumental in sustaining local EPN populations. We therefore do not expect applied S. carpocapsae to have a significant impact on local S. feltiae populations due to direct competition for R. bifasciatum hosts.
S. carpocapsae and H. downesi caused similar amounts of R. bifasciatum infection within deadwood in our laboratory and field experiments, and even though infection with S. carpocapsae decreased the deeper larvae were located in the wood, IJs of both EPN species infected larvae at depths greater than 4.5 cm. This Fig. 1 . Percentage of R. bifasciatum larvae infected by S. carpocapsae (A) or H. downesi (B) with increasing depth in the wood of logs in laboratory and field experiments (for each EPN species, data for all treatments was combined). Data is grouped by distance intervals of 0.5 cm. A significant decrease in larval infection with increasing distance was found for S. carpocapsae (logistic regression, P = 0.030), but not H. downesi (P = 0.674). Numbers inside bars give N. One datum point (live larva found at 7.3 cm depth in a S. carpocapsae treatment) is not included in the graph.
Table 3
Mean (±) number of infective juveniles of S. carpocapsae and H. downesi emerging from R. bifasciatum and G. mellonella larvae infected in the laboratory over eight weeks (N = 20 indicates that although H. downesi invaded the iterior of the logs (>2.5 cm depth) more effectively than S. carpocapsae, some IJs of S. carpocapsae penetrated the deadwood as effectively as H. downesi. This may seem unexpected based on the established paradigm of EPN foraging strategy, according to which S. carpocapsae is generally classified as an 'ambusher' species with limited dispersal and host seeking behavior and no attraction to host volatiles at a distance (Grewal et al., 1994; Lewis et al., 1995 Lewis et al., , 2006 . By contrast, H. downesi -like many heterorhabditids -is considered a 'cruiser' EPN species (Dillon et al., 2006; Lewis et al., 2006 ) that actively seeks out cryptic or sedentary hosts, for example by moving toward volatiles emitted by the potential host (Grewal et al., 1994; Boff et al., 2001; Lewis et al., 2006) . Despite its reputation as an 'ambusher', S. carpocapsae has been used successfully against wood-boring pest beetles in natural and laboratory settings (Lindegren et al., 1981; Fallon et al., 2004; Dillon et al., 2006) . Moreover, there is evidence to suggest that the dispersal of IJs, including those of S. carpocapsae, depends to a large degree on substrate texture (Georgis and Poinar, 1983; Molyneux and Bedding, 1984; Portillo-Aguilar et al., 1999; Jabbour and Barbercheck, 2008) . In laboratory assays, S. carpocapsae IJs moved through peat soil as effectively as IJs of cruiser species Heterorhabditis megidis (Kruitbos et al., 2010) and they moved through R. bifasciatum frass as effectively as IJs of H. downesi (C. Harvey, unpublished data). Steinernema carpocapsae IJs (as well as those of S. feltiae and H. megidis) have been found to aggregate in response to vibrations (Torr et al., 2004) and frass galleries within the wood may provide routes for IJs to follow to the feeding insects at their terminus (Lindegren et al., 1981) , just as plant roots can serve as routeways to host insects . The nature of the substrate, host associated cues and routeways in the wood may explain why, in our experiments, IJs of S. carpocapsae penetrated logs and infected R. bifasciatum within the wood to the extent they did. Deadwood sampled one year after S. carpocapsae application at Deerpark contained S. carpocapsae IJs and infected R. bifasciatum. Due to the relatively long time interval between EPN application and sampling, it is likely these IJs resulted from recycling within logs rather than being survivors of the IJs originally applied on this site. Recycling may have occurred either in the months following application and/or in the spring preceding sampling. Judging from the occurrence of infected R. bifasciatum along with the nematodes detected in wood at that time, the latter is likely. Overall, however, fewer than 4% of R. bifasciatum individuals in logs from clearfell sites on which S. carpocapsae was applied to tree stumps were infected. On the majority of sampled sites, infection of R. bifasciatum or presence of S. carpocapsae in wood samples was either rare (Featherbed) or not recorded at all (Lackenrea, Ballymacshaneboy, Raheenkyle). At Kilworth and Deerpark, where infection of R. bifasciatum with S. carpocapsae was more extensive, the likelihood of finding infected insects within a log decreased significantly with increasing distance between logs and treated tree stumps. This suggests that the more accurate the application of EPN around tree stumps, the lower the likelihood of non-target saproxylic insects in deadwood being infected. Since EPN were detected in some of the soil samples collected from underneath sampled logs, migration of IJs from the point of inundative application (i.e. the tree stump) to logs close by could account for some of the infection of R. bifasciatum. However, studies indicate that the horizontal dispersal of S. carpocapsae IJs in soil on clearfell sites is limited to such a degree (Dillon et al., 2008, C. Harvey, unpublished data) that this seems an unlikely explanation for the amount of infection recorded at Kilworth and Deerpark one month and one year after EPN application, respectively. Spillage or inaccurate application of IJ suspension is Fig. 3 . Percentage of R. bifasciatum infected within logs sampled on two clearfell sites (Deerpark and Kilworth) with stumps treated with S. carpocapsae (y) plotted against distance between the log and the closest tree stump treated with S. carpocapsae (x). Each symbol represents a log sampled at one of the two sites one month (Kilworth) or one year (Deerpark) after nematode application.
Table 4
Infection of R. bifasciatum (larvae, pupae and adults combined) in deadwood logs from six clearfell sites treated with S. carpocapsae. more likely to account for the initial infestation of logs and EPN presence in soil below logs. Recycling through R. bifasciatum and possibly other hosts within logs then allowed EPN to persist into the following spring at Deerpark. Our results indicate that S. carpocapsae and H. downesi used for biological control on clearfell sites pose little risk to saproxylic non-target insects in deadwood and woody debris. Though both EPN species penetrated deadwood and infected larvae, pupae and adults of the representative wood-decomposer R. bifasciatum, consistently high levels of infection were only recorded when a 'worst case scenario' (1.8 million IJs per log) was simulated. Low concentrations of IJs (18,000) had little adverse effect on R. bifasciatum in the field. Nevertheless, due to the ability of both of the investigated EPN species to reproduce within this non-target host, even a single infected insect might theoretically suffice as the source for an eventual infestation of an entire log. Such concerns raised by the results of laboratory experiments are alleviated to a large degree by results from the field that indicated little overall infection of R. bifasciatum on clearfell sites treated with S. carpocapsae on a site-wide operational level. Where it was recorded, infection was most likely the result of accidental spillage and/or inaccurate application of EPN around tree stumps -factors which can be minimized by more accurate application techniques (e.g. brash removal prior to nematode application) and/or equipment. We conclude that, when EPN application for inundative pest control is targeted specifically at the target pest microhabitat as in the case of the large pine weevil (i.e. application around tree stumps), this strongly limits the risk to non-target insects and the likelihood of unwanted recycling or phoretic dispersal of the nematodes through such hosts.
